ABSTRACT Hemodynamics analysis of the cerebral venous sinus (CVS) is important to the etiologies of idiopathic intracranial hypertension (IIH) and pulsatile tinnitus (PT). However, the underlying mechanism of the hemodynamics contributing to IIH and PT is still unclear. The aim of this paper is to investigate the hemodynamics of the patient-specific CVS with stenosis by using a computational fluid dynamics analysis. Hemodynamics under the circumstances of different body positions, such as supine, upright, left lateral, and right lateral, was further evaluated for more comprehensive understanding of the impacts of CVS stenosis. Three cases were involved and the patient-specific hemodynamics analysis was performed. Our results showed that the effect of CVS stenosis was dependent on the drainage dominance. CVS stenosis in the collateral branch to the drainage dominance vessel showed a limited effect on the acceleration of blood flow (T1, 163.64%), while a significant increase of velocity was observed in the balance drainage dominance cases (T2, 281.25%). Moreover, body position could be a trigger to the IIH. Our results indicated that the pressure gradient in the CVS shifted along with a different body position. Especially, the average pressure of the CVS increased by 22%, 123.8%, and 45.2% in T1, T2, and T3, respectively, comparing upright position to supine position. Finally, the proposed patient-specific hemodynamics analysis method could reproduce physiological hemodynamics in CVS. The result of this paper could potentially provide further understanding of IIH-related headache and PT.
I. INTRODUCTION
Hemodynamic studies in the cerebral venous sinus (CVS) have been carried out to investigate the patient-specific blood flow, such as blood pressure and velocity, which is helpful for understanding the etiologies of idiopathic intracranial hypertension (IIH) and pulsatile tinnitus (PT) [1] - [5] . Invasive procedure is applied in clinical practice that pressure gradient of blood flow in CVS is obtained by catheter venography, known as invasive manometry [6] , [7] while velocity and volumetric flow rate of blood in CVS were obtained by the phase-contrast MR imaging noninvasively [8] - [11] . The correlation between PT or IIH and the blood flow in CVS has been assessed by pressure, velocity and volumetric flow rate of blood flow obtained by hemodynamic studies [6] , [12] - [14] . Previous studies have provided quantitative distributions of both blood pressure and velocity in CVS [15] , indicated that high blood pressure in CVS was a potential cause of IIH [6] , [16] . However, Gupta et al. indicated that MRI showed limited time and space resolutions in assessing hemodynamics in CVS, which may reduce the accuracy of assessment [17] . Therefore, quantitative analysis was required for comprehensive understanding of the etiologies of PT and IIH.
Computational fluid dynamics (CFD) simulation of the blood flow field in CVS can be carried out to provide the comprehensive information of blood flow distribution [18] , including blood pressure, velocity and volumetric flow rate. However, accurate CFD analysis and results have rarely been obtained. In previous study, the boundary conditions for CFD models of blood flow in CVS have not had blood velocity or pressure measured throughout the cardiac cycle, which reduces the accuracy of CFD results [18] . On the other hand, estimated values of blood pressure have been utilized as boundary conditions for blood flow simulations of CVS [19] . In addition, static values of measured blood pressure by using microcatheter for hemodynamics calculation in CVS are not effective boundary conditions for patient-specific CFD modeling [20] , due to the variation of blood pressure during the cardiac cycle. Therefore, with the limited understanding of the blood pressure, velocity and volumetric flow rate from previous studies, IIH and PT patients have rarely been benefited. In order to obtain accurate CFD results, boundary conditions based on measurement of blood flow in CVS during one complete cardiac cycle was required.
In this study, we implemented patient-specific boundary condition based on multi-modal imaging, and developing patient-specific CFD models to quantitatively obtain accurate parameters of blood flow in CVS. MR venography (MRV) and digital subtraction angiography (DSA) imaging of CVS were used for anatomic analysis. Effects of body positions on the hemodynamics in CVS were also investigated in the present study.
II. MATERIAL AND METHODOLOGY

A. DATA ACQUISITION AND RECONSTRUCTION OF GEOMETRIES FOR CFD MODELS
The time-of-flight (TOF) MRV and DSA imaging of 3 patients were collected. The ages ranged from 25 to 30 years old. All patients were diagnosed with stenosis from during the period between June 20, 2017, and October 5, 2017. Informed consent forms were obtained from all the subjects before the collection of data. The pixel of cerebral cross sectional MRV images is 1024 × 1024 [21] . The parameters for the 2D TOF MRV include: number of slices = 115, repetition time (TR) = 23.0 msec, echo time (TE) = 4.6 msec. The three patients are marked as T1, T2 and T3 in this study.
The geometries of their CFD models were reconstructed from the MRV images by the commercial software, Mimics 16 (trial version; Materialise innovation suit, Leuven, Belgium). In order to acquire accurate patient-specific CVS geometries, clinical experts with 2 years experiences in anatomic analysis were consulted for adjustment [22] , [23] . The geometries of the three patients are shown in Figure 1 . The vessels with stenosis are marked and highlighted as magnified figures.
B. MESH
The meshes of the CFD model were generated by nonstructural meshing with tetrahedron elements. The boundary layer mesh was generated with 8-layer hexahedral elements, which was used to resolve the blood flow in the thin boundary layers along the no-slip boundaries of CVS. We measured the quality of mesh by skewness [24] , which is defined by the equation (1)
where θ is the angle over a vertex (2D) or edge (3D) in the element, θ e is the angle of the corresponding edge or vertex in an ideal element, and the minimum is taken over all vertices (2D) or edges (3D) of the element. The solution could become divergent and not convergent if the maximum skewness exceeds 0.98; however, this did not occur in this study. The average element qualities of T1, T2 and T3 are 0.6509, 0.6571 and 0.6496.
C. COMPUTATIONAL FLUID DYNAMICS
The measured velocity of blood flow in the superior sagittal sinus throughout one cardiac cycle was applied as the inlet boundary condition. The periodic velocity of blood flow was calculated from the DSA frame counts. The length of the centerline of CVS was calculated by using Mimics 16 (trial version; Materialise innovation suit, Leuven, Belgium) (left panel of Figure 2 ). Four frames were picked to calculate the flow distance of the contrast agent (right panel of Figure 2 ). Every frame was separated by 0.25 seconds and the periodic velocity of blood flow in the superior sagittal sinus throughout the cardiac cycle was calculated. The Windkessel model was simplified into a linear function, which was utilized to obtain the periodic blood pressure at the outlet boundary condition of CVS. The Windkessel model has been proven to be effective in simulating the blood flow [25] , which is based on the correlation between blood pressure and volumetric flow rate. Moreover, the ratios of blood pressure to volumetric flow rate (RPV) in CVS from previous studies are similar [19] , [26] , [27] , which is shown in Figure 3 .
Therefore, we simplified the Windkessel model into a linear function with RPV, which is shown in Figure 4 . Then, at the outlet of CVS, the volumetric flow rate given by last time step of CFD simulation is changed to blood pressure by the simplified Windkessel function (SWF), which is utilized as the outlet boundary condition for the next time step. The variance of SWF is over 0.964, which shows a strong correlation between RPV and SWF.
In order to analyze the effects of body position on blood flow in CVS, Gravitational acceleration was added to the Navier-Stokes equation in the CFD model to mimic the body position, in order to analyze the effects of body positions on blood flow in CVS. By changing the direction of gravitational acceleration, patients could be studied in upright, left and right lateral positions in addition to the original supine position. The partial differential equations in the time-dependent CFD model are shown in equations (2) and (3) [21] .
where the parameter p means the pressure of blood, the blood density ρ is assumed to be 1050 kg/m 3 , the blood viscosity µ is assumed to be 3.5 cP [23] , u presents the matrix of velocity, g presents the matrix of gravitational acceleration, I is an identity matrix which used to change the pressure from scalar to vector. The commercial finite element method (FEM) software, COMSOL Multiphysics, (COMSOL AB, Stockholm, Sweden) with multifrontal massively parallel sparse direct solver (MUMPS) was utilized for the CFD simulation
D. STATISTICAL ANALYSIS
The quantitative CFD results of blood pressure, velocity and volumetric flow rate in the CVS were obtained for every patient. The blood velocity and pressure around the stenosis of CVS were analyzed for the three patients to evaluate the effects of stenosis on blood flow. The venous drainage dominance according to the Shima Standard was determined in the three cases (When the ratio of left transverse sinus to right transverse sinus is 1: 0.67 -1.49, it is defined as a venous drainage dominance of both sides. When 1: 1.5 or above, the right side was venous drainage dominance. When 1: 0.6 and below, the left side was venous drainage dominance). Bland-Altman test was performed to evaluate the calculations by comparing the computed blood pressure to the clinical measurements. Distributions of blood pressure and velocity in CVS were compared under the circumstance of different body position including supine, upright and side lying positions. Statistical analysis was performed using SPSS 24 (SPSS Inc.)
III. RESULTS
Degree of stenosis was 83%, 69% and 77% for T1, T2 and T3, respectively. The Bland-Altman plot showed that calculated pressure was in good agreement with measurements (mean ± SD was −0.41 ± 0.85) ( Figure 5 ).
A. BLOOD VELOCITY AND VOLUMETRIC FLOW RATE
The distributions of blood flow velocity in CVS of the three patients under the supine position are shown as Figure 6 . Changes of blood velocity around the stenosis in CVS is noticed, which is also depicted in Table 1 . Accelerations of blood flow was found in all cases, significant increase of velocity was found in T2 and T3 (281.25% and 430.77%) but flow restored to pre-stenosis status was found in T2 and T3, except for T1.
Eddies of blood flow are noticed in T1 and T2, which is magnified Figure 6 . These eddies existed throughout the entire cardiac cycle in CVS. However, eddies only exist at the normal side in T1 while it was at both side in T2. The distribution of the eddies located at the downstream of the curvature and stenosis.
The volumetric flow rate of blood in CVS of the three cases under supine position is shown in Figure 7 . The right venous drainage dominance was determined in T1 and T3 (the mass flow of left sigmoid sinus is around 2.9 ml·s −1 to 3.5 ml·s −1 and 9.9 ml·s −1 to 11.3 ml·s −1 in the right side for T1, 5.7 ml·s −1 to 6.4 ml·s −1 and 1.2 ml·s −1 to 1.4 ml·s −1 for T3, respectively). It was balance drainage dominance To investigate the effect of body position on the hemodynamics in CVS. The blood velocity in the CVS under the influence of gravitational acceleration is shown in Figure 8 . Every case was studied in supine, upright, left and right lateral positions. Distribution of peak velocity was similar in all cases under circumstance of different body positon.
B. BLOOD PRESSURE
The distributions of blood pressure in the CVS of the three cases who were studied in the supine position are shown in Figure 9 . The stenosis given in the medical diagnosis reports are marked as T1S1, T2S1, T3S1 and T3S2 in Figure 9 . Then, more rapid decreases of blood pressure are marked as T1S2 and T2S2.
The blood pressure in CVS under the influence of gravitational acceleration is shown in Figure 10 . Every case was studied in supine, upright, left and right lateral positions. As MRI examination was taken in supine, the pressure distribution under supine position was taken as reference. Peak pressure was found at the inlet and torcular herophili. The pressure increased under upright position that the average VOLUME 7, 2019 pressure in outlet of T1, T2 and T3 is about 5.5 mmHg, 4.7 mmHg and 4.5 mmHg, which were higher than that in supine position of T1, T2 and T3 (by 1.0 mmHg (22%), 2.6 mmHg (123.8%) and 1.4 mmHg (45.2%), respectively). Peak pressure distribution remained at the joint of left and right transverse sinus (torcular herophili).
For the lateral positions, the drainage dominance could shift compared to that in supine position. The drainage dominance of T1 remained as right sinus drainage dominance compared to supine position that the average pressure was about 7.1 mmHg and 3.6 mmHg (with mass flow of 10.4 ml·s −1 and 3.1 ml·s −1 ) in left and right sigmoid sinus, respectively. Similarly, the drainage dominance of T3 remained the same as supine position (the mass flow of blood in left side, about 5.8 ml·s −1 , still more than that of right side, about 1.2 ml·s −1 ), but the pressure distribution shifted that pressure in right sigmoid sinus was lower than the left (4.8 mmHg and 7.5 mmHg, respectively).
C. PERFORMANCE OF PATIENT-SPECIFIC MODELLING FOR MEDICAL DIAGNOSIS
The medical diagnosis reports of the three cases were collected for checking the accuracy of the CFD results. Blood pressure of CFD results and medical diagnosis report for the three cases. The blood pressure is compared for cases in superior sagittal sinus (SSS), confluence sinus (CS), transverse sinus (TS), right sigmoid sinus (RSS), left sigmoid sinus (LSS), distal end of heart of stenosis (DEHS) and proximal end of heart of stenosis (PEHS) to the stenosis. (Unit, mmHg).
The comparison of volumetric flow rate between double transverse sinus and blood pressure measured by invasive manometry are picked from the medical diagnosis reports. The measured blood pressures in CVS for the three cases are shown as Table 2 .
IV. DISCUSSION
This study has investigated the blood pressure, velocity and volumetric flow rate in CVS with stenosis distributed in transvers sinus (range from 69% to 83%) in three cases under circumstances of different body positions, including supine, upright, left and right lateral position. We have noticed the differences of blood pressure and velocity around the stenosis of CVS, which is in agreement with similar conclusions of previous studies [6] , [9] . Our results indicated that the body position significantly altered the blood pressure and velocity distribution in CVS. Moreover, the high accuracy of patientspecific CFD modeling was verified by comparing the CFD results of blood pressure and volumetric flow rate with the medical diagnosis reports.
A. EFFECT OF STENOSIS IN CVS ON HEMODYNAMICS
Stenosis in CVS is an important factor to the alteration of hemodynamics. The pressure is significantly decreased at the downstream of the stenosis, which is magnified in Figure 9 . On the contrary, the flow velocity increased at the upstream of the stenosis, and decreased at the downstream of the stenosis, which is magnified in Figure 6 . Furthermore, the changes of blood flow velocity among three cases are different, which has not been quantitatively given in previous studies. The decrease in blood velocity of subject T1 (10.34%) is smaller than that of T2 (77.05%) and T3 (78.26%) due to the variation of degree of stenosis. For T2 and T3, the cross-sectional areas at both the proximal end of the heart of stenosis (PEHS) and the distal end of the heart of stenosis (DEHS) are larger than the cross-sectional areas at stenosis. However, for T1, the cross-sectional area at both stenosis and PEHS is smaller than the cross-sectional area at DEHS (Figure 1) . However, the drainage dominance was another key factor to the blood flow distribution in CVS that impact of the stenosis could be balanced by systemic circulations. 
B. EFFECT OF BODY POSITION ON HEMODYNAMICS IN CVS
Significant effects of body position on blood pressure and velocity in the CVS were evaluated. MRI scanning are generally performed under supine positon. However, standing and lying down at lateral side are common position of daily life. In the present study, MRI measurement under supine position was taken as reference and gravity acceleration was added to mimic the circumstance of standing (upright position), lying on both sides (left and right lateral side). For cases in upright, left and right lateral positions, the maximum of blood velocity is obtained in superior sagittal sinus (SSS), left sigmoid sinus (LSS) and right sigmoid sinus (RSS) respectively, which is marked in the Table 3 with asterisk. Meanwhile, the effects of body position on blood pressure is more obvious than that on blood velocity (Figure 10 ). For left lateral position, the blood pressure in LSS is higher than that in RSS. In contrast, when the cases are studied in right lateral position, the blood pressure in RSS is higher than that in LSS. Moreover, compared with the cases in supine and lateral positions, the blood pressure in the both sigmoid sinus is higher than that when cases are studied in the upright position.
While the underlying mechanism for venous sinus stenosis in patients with IIH remains unclear, these results suggested that different body positions could be an important factor in auxiliary of IIH diagnosis and daily care. By implementing dynamic boundary conditions, interconnection of hemodynamics in collateral venous pathways were evaluated. Our result indicated that the shift of the blood flow distribution was significantly drainage dominance dependent. The blood flow velocity remained stable under circumstances of different body position, which prevent the increased resistance of an anatomic stenosis from affecting the overall venous circulation. In additional, distribution of eddies in the transverse sinus were similar under different body position that PT could be persistent and depend on anatomic variations [9] . However, changes in pressure distribution was observed, which could be a potential trigger to the chronic tension-type headache (CTTH). The pressure gradient between venous sinus and cerebrospinal fluid (CSF) opening pressure is one of the major factors, which effects on the cerebrospinal fluid absorption through blood vessel. Increasing of the CVS pressure could lead to IIH due to the reduced CSF absorption rate. Therefore, our results potentially indicated that changes of body position could be a new factor for assisting the diagnosis of IIH-related CTTH.
C. STUDY LIMITATIONS
There are several limitations in the present study. Firstly, the limited number of cases was included in this study. Since MRV was not commonly used for examination of CSV, the size of data was limited in the present study. Further study was required with larger size of cohort to validate the result. Secondly, the boundary condition for modeling the hemodynamics in CSV was adopted with basic Windkessel model based on previous studies, the lack of patient-specific systemic circulation condition could introduce bias to the analysis. Further study was required to implement the patientspecific data on the definition of boundary conditions for hemodynamic analysis, such as blood flow measurement by using 4D-Flow MRI.
V. CONCLUSION
For the patient-specific CFD modeling of blood flow in the CVS, the patient-specific boundary conditions are necessary for improving the accuracy of CFD results. The boundary conditions in this study are proven to be effective. Moreover, the distributions of blood pressure and velocity are found to be different when the cases are studied in different positions, which is caused by the influence of the gravitational acceleration. Therefore, effects of body position on blood flow in the CVS should be noticed for IIH and PT cases.
